To investigate the tissue distribution and solubilities of various ␣A-crystallin truncation products in the cataractous ICR/f rat model. METHODS. Rat lenses from precataractous (21-day) and postcataractous (100-day) ICR/f rats were sectioned and applied to a matrix-assisted laser desorption/ionization-time-of-flight (MALDI-TOF) target plate. Mass spectrometry images were collected to obtain a macromolecular profile of the abundant lens proteins. Separately, age-matched lenses were extracted into water-soluble (WS) and water-insoluble/urea-soluble (WI-US) fractions and subjected to MALDI-TOF mass spectrometry to correlate the protein solubilities with the imaging data. Protein identities were assigned by using a top-down proteomics approach on a high-resolution mass spectrometer. RESULTS. Ten novel ␣A-crystallin truncation products were identified, along with six previously known ␣A-crystallin truncation products. Nearly all truncations exhibited nuclear localization, with larger truncated products displaying a ringlike localization that progressed outward toward the extranuclear, cortical region. The distributions were similar in both ages with the only significant difference being the amount of tissue area encompassed by a particular species with increasing age.
Almost all nuclear products fractionated into the WI-US fraction, whereas the five largest extranuclear species exhibited mixed solubility. CONCLUSIONS. A successful methodology for the sectioning and imaging of pre-and postcataractous ICR/f rat lenses has been established. Data collected from these analyses indicate that there are multiple ␣A-crystallin truncation products present in both pre-and postcataractous rats. Furthermore, these species have defined lenticular localizations and unique solubilities that may be a consequence of lens development and protein function within the lens environment. (Invest Ophthalmol Vis Sci. 2010;51:5153-5161) DOI:10.1167/iovs. T he ocular lens is an intriguing tissue, in part because of its atypical development and differentiation. The lens is formed by primary fiber cells derived from the ectoderm during early embryonic development that eventually become the lenticular nucleus. 1 Subsequently, mature fiber cells (derived from a monolayer of epithelial cells present on the anterior surface of the lens) elongate to wrap around this nucleus, forming concentric layers. 1 As a requirement for light transmission, the mature fiber cell is programmed to degrade all cellular organelles, rendering it incapable of further protein synthesis. 2 Because of this, the lens retains all proteins that were synthesized before terminal fiber cell differentiation. This phenomenon is remarkable, as the lens must maintain transparency to function while possessing very high protein concentrations (greater than 320 mg/mL in humans 1 ), which are necessary to refract and focus incoming light.
The crystallins are the most abundant class of proteins in the human lens 3 and are subdivided into three major groups, the ␣-, ␤-, and ␥-crystallins, each having a particular function. The ␣-crystallins, comprising nearly half of the total soluble lens proteome, 4 are ϳ20-kDa proteins that form large molecular mass aggregates ranging upward from 800 kDa when complexed with substrates. 4, 5 They are small heat shock proteins possessing a chaperone-like function for binding and sequestration of denatured protein substrates. 4, 6 There are two subtypes of the ␣-crystallins, the ␣A and ␣B, with ϳ60% sequence homology, that can form hetero-oligomers within the lens environment at a 3:1 ratio. 1, 7 These large complexes help to maintain the solubility of denatured lens proteins to prevent aggregation, a hallmark of cataract formation.
We studied cataract progression by using a whole-tissue approach involving matrix-assisted laser desorption/ionizationtime-of-flight (MALDI-TOF) mass spectrometry imaging (MSI). This technique permits the detection and analysis of ionizable macromolecules within a tissue section by mass spectrometry, while retaining tissue distribution and localization. 8 It is similar to classic immunohistochemistry, but is enhanced because MALDI-TOF MSI is not limited by antibody availability or specificity and simultaneously produces a chemical pro-file of tens to hundreds of ionizable protein species present across the tissue section during a single experiment. 9 MALDI-TOF MSI typically allows for the detection of ionizable proteins within the range of 1,000 to 50,000 Da, 10 which is amenable to lens tissue studies because of the small average monomeric protein molecular masses of the abundant crystallin proteins (ϳ20 kDa). 1 In the present study, we used tissue sections from both pre-(21 days of age) and post-cataractous (100 days of age) ICR/f rat lenses ( Fig. 1 ). This animal model of age-related cataract disease is derived from the Wistar rat. 11 Cataracts form in the ICR/f rat by ϳ10 weeks of age, with development beginning in the cortical region of the lens. As development continues, the opacification extends into the nuclear region, eventually producing a fully opaque lens cataract. 12 Although the exact cause is not fully understood, the development of the cataract in the ICR/f rat may result from an early oxidative insult derived from abnormalities in lipid metabolism. 13 As a result, changes within the lens microenvironment 14 -17 are semipermanent, as the lens is incapable of synthesizing or degrading proteins. This early insult renders these animals susceptible to cataract formation as time progresses and the repair-maintenance mechanisms are depleted.
To our knowledge, this study is the first to use MSI to investigate a small rodent lens, as well as the first comparison of MSI data from pre-and postcataractous lenses obtained from a laboratory model of cataracts. By combining the MSI imaging data with subsequent MALDI-TOF MS analysis of water-soluble (WS) and water-insoluble/urea-soluble (WI-US) ICR/f lens protein extracts, we have observed specific properties at pre-and postcataract lens stages. In the ICR/f rat lens, the ␣A-crystallin protein and its numerous truncation products are segregated by spatial distribution (nuclear versus extranuclear) and their intrinsic solubilities. These truncations may not be the primary cause of the cataract, as these features were detected in both the early and late stages of development in the ICR/f lens.
MATERIALS AND METHODS
All reagents used in the study were of the highest quality available. High-performance liquid chromatography (HPLC)-grade solvents, including acetonitrile (ACN), ethanol (EtOH), and methanol (MeOH), as well as pure formic acid (99%; FA), were purchased from Fisher Scientific (Pittsburgh, PA). Sinapinic acid (SA) was purchased from Sigma-Aldrich (St. Louis, MO), and the water was purified (Milli-Q purification system; Millipore, Billerica, MA). All animal procedures were performed with the approval of and within the guidelines set forth by the University of Alabama at Birmingham Institutional Animal Care and Use Committee and adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Tissue Sectioning and Processing
Frozen intact rat eyes (Ϫ80°C) were thawed, and lenses were dissected with the aid of a dissecting microscope (EZ4-D; Leica, Bannockburn, IL). The lenses were carefully extracted by corneal incision around the periphery of the eye. Care was taken to ensure the proper orientation of the lens, with the anterior side facing upward. The lenses were washed with deionized water to remove any contaminants and refrozen in a cryostat (CM3050-S; Leica, Bannockburn, IL) at Ϫ20°C, before sectioning. They were attached to the center of the cryostat chuck by layering optimal cutting temperature (OCT) medium. The lenses were sectioned into 20-m slices, and thaw-mounted onto a methanollayered, gold-coated MALDI plate (Applied Biosystems, Foster City, CA). Multiple sections were applied to each MALDI plate. After being placed on the plate, the sections were allowed to air-dry and then were washed with sequential submersion in 70% EtOH and 95% EtOH for 60 seconds per solution to remove lipids and salts and fix the proteins. The processed plates were then placed in a vacuum desiccator for at least 15 minutes before matrix deposition.
Matrix Deposition
Matrix was applied with an acoustic reagent multispotter device (Portrait 630 Spotter; Labcyte, Sunnyvale, CA) that is capable of delivering 170 pL of matrix solution per spot. The matrix (15 mg/mL SA in 50:40:10 ACN:H 2 O:FA solution) was applied with a 400-m offsetinterleaving technique to achieve a final center-to-center spot distance of 200 m across the entire tissue section. The spotter was operated in "fly-by" mode, which enables reapplication of the matrix at each spot for a total of 40 cycles (1 droplet/cycle), to ensure matrix saturation on the tissue.
MSI Analysis
Mass spectrometric analyses were performed in the linear, positive mode at a 20-kV accelerating potential on a time-of-flight mass spectrometer (Autoflex II Linear; Bruker Daltonik, Bremen, Germany) equipped with a laser (Smartbeam; Bruker Daltonik) capable of operating at a repetition rate of 200 Hz. The laser beam size was set to medium, estimated to be approximately 150 m in diameter, at a laser power of 72%. A linear, external calibration was applied to the instrument before data collection, with a protein mixture of insulin (MϩH ϩ ϭ 5,734), cytochrome C (MϩH ϩ ϭ 12,361), myoglobin (MϩH ϩ ϭ 16,952), and trypsinogen (MϩH ϩ ϭ 23,982). Mass spectral data sets were acquired over lens sections with a raster step size of 200 m obtaining 200 laser shots per spectrum (flexImaging software; Bruker Daltonik). After data acquisition, molecular images were reconstituted by the software. The data were smoothed with a Gaussian filter (width 2 m/z, four cycles), and baseline subtraction was applied by using the TopHat algorithm and normalized to total ion current with the software. Extracted peaks were plotted Ϯ0.05% mass-to-charge units, to generate an image.
Lens Homogenization
ICR/f rat eye samples were obtained at 21 and 100 days of age. The lenses were dissected from frozen intact eyes and washed with deionized water. To collect the WS proteins, the lenses were homogenized with 50 mM Tris-HCl buffer (pH 7.4) containing protease inhibitors (Complete Protease Inhibitor Cocktail; Roche, Basel, Switzerland) using a Teflon homogenizer in a 1.5 mL microcentrifuge tube. The samples were centrifuged at 18,000g at 4°C for 15 minutes, and the supernatant saved. This step was repeated to remove as much of the WS proteins as possible. Finally, the pellets were homogenized in a similar Tris-HCl buffer supplemented with 6 M urea, to obtain the WI-US proteins.
MALDI-TOF Analysis of Extracts
Samples were quantified by using a BCA protein assay kit (Pierce Biotechnology, Rockford, IL), and read on a plate reader at 590 nm, to obtain the concentration. Protein (12 g) from each sample was washed and concentrated with a C 4 -column (ZipTip; Millipore) eluted with 10 L of 60% ACN and 0.1% TFA and dried in a centrifuge (SpeedVac; Agilent, San Diego, CA). Each sample was resuspended into 5 L 50% ACN and 10% FA. An aliquot (1 L) of the sample solution was mixed 1:1 with 15 mg/mL SA in 50% ACN and 10% FA and spotted onto a MALDI target plate (Bruker Daltonik). Spectra from these samples were collected on the same instrument as the tissue samples collecting data at a repetition rate of 100 Hz for a total of 2000 shots. The data were smoothed and baseline subtracted.
HPLC Fractionation of Lens Homogenates and FT-ICR Top-Down Proteomic Analysis
Protein separations were performed with an HPLC system (1100 Series; Agilent Technologies). ICR/f lens homogenates were loaded onto a 5-m C5 column (250 ϫ 2.0 mm ID; Jupiter 300; Phenomenex, Torrance, CA) pre-equilibrated with 5% ACN and 0.1% FA (buffer A) at a flow rate of 150 L/min. Lens homogenates were eluted with a linear gradient of 2% to 50% buffer B (95% ACN/ 0.1% FA) over 40 minutes. The column eluate was collected with an automated fraction collector (Agilent Technologies) at 1-minute intervals into sterile 96-well plates (Eppendorf twin.tec, Hauppauge, NY). After each separation, the samples were dried in a centrifuge (SpeedVac; Agilent). The samples were resuspended in 30 L of 50% ACN and 0.1% FA.
Individual fractions were directly injected into a 7-T mass spectrometer (LTQ FT-ICR; Thermo Scientific, Waltham, MA) via a chip-based infusion system (TriVersa NanoMate; Advion, Ithaca, NY). With each sample, a new spray nozzle was used to limit cross-contamination. High-resolution mass scans (m/z 200 -2000) were performed in the FT-ICR cell with a resolution of 200,000 at m/z 400. Full scans were processed to deconvolute Ͼ2ϩ charge states to MϩH ϩ (Xtract software package within the Xcalibur software; Thermo Scientific), with the setting of S/N, 2; fit factor, 44%; remainder, 25%; averaging table and a maximum charge state, 30. Individual charge states were manually isolated in the LTQ and fragmented by using CID (collision-induced dissociation) with N 2 gas at 20% maximum intensity. Fragmentation spectra were collected as FT-ICR scans and analyzed (Xtract software; Thermo Scientific). De-isotoped MH ϩ precursor ions and fragment ions were submitted to an online engine (MS-Tag; http://prospector. ucsf.edu/prospector/html/instruct/tagman.htm/ provided in the public domain by the University of California San Francisco) and searched against the UniProt Rattus norvegicus database to obtain protein identities from the MS/MS spectra (www.uniprot.org/ The UniProt Consortium). 18 Figure 1A shows a precataractous (21-day old), visibly transparent ICR/f rat lens, and Figure 1B shows a cataractous (100-day old) ICR/f rat lens in which there is a dense opacification throughout the entirety of the lens. Lenses such as these were used to evaluate changes in protein distribution and solubility during cataract development. Figure 2 shows the sectioned lens tissues and selected m/z signals that were obtained from 21-day ( Figs Figs. 2A, 2E ), there are obvious regions that are segmented by slight color changes (from white to translucent against the gold background of the MALDI target plate) that appear at various radii from the center of the tissue. These regions represent different stages of lens development, as the nuclear center was developed during embryogenesis with subsequent addition of lens fiber cells. 19 From this, it is plausible to predict regional differences in protein signals, as these regions were formed at different points during lens development. We confirmed this by extracting images from the MSI experiment as indicated in Figures 2B-D and 2F-H. For this purpose and for reasons discussed later, two of the major protein species present in the MSI experiment were chosen for analysis. The first protein is the N-terminally acetylated, full-length ␣A-crystallin (residues 1-173) protein, at an average mass of 19,835 Da Ϯ 0.06% (Figs. 2B, 2D, 2F, 2H, blue). The second protein is an N-terminally acetylated ␣Acrystallin truncation product (residues 1-53), at an average mass of 6413 Da Ϯ 0.11% (Fig. 2C, 2D , 2G, 2H, orange). Although other MSI studies have localized low-molecularweight ␣A-crystallin truncation products (1-40, 1-50, and 1-58) to the nuclear core of other species, 20 -22 this is study is the first to identify the 1-53 truncation product as a major protein present in the lens.
RESULTS

MSI Analysis of Pre-and Postcataractous ICR/f Rat Lens Sections
The distribution of the full-length ␣A-crystallin in these rat lenses is in agreement with previous lens MSI studies, where it was found to associate only in the outermost cortical regions, whereas other posttranslationally modified forms (phosphorylated and truncated) were found to localize to subcortical regions deeper within the lens tissue. 20 -22 Despite the fulllength ␣A-crystallin being present in lenses of both ages, the key distinguishing factor is the approximate 30% reduction in its cross-sectional area in the 100-day ICR/f lens (compare Fig.  2B with 2F ). Grey et al. 22 recently showed a reduction in the full-length ␣A-crystallin abundance in progressively aged human lenses. In the rat lens, the ␣A-crystallin truncation product specifically localizes to the nuclear region, encompassing the whitest regions present in the optical tissue sections (Figs. 2C,  2G) . Surprisingly, there appears to be no difference in the cross-sectional area of this product between the two different lenses, given their different ages and stages of cataract development.
The MSI data indicate three broad classes of radial protein distributions, which are depicted in Figure 3 . Nuclear distribution was defined by the boundaries of the 1-53 ␣A-crystallin truncation product present in all lenses analyzed (dashed lines). The second boundary is defined as the nuclear ring that displays a ring-like distribution immediately outside the nuclear region that grows with age. The final class of lens protein distributions identified is the cortical distribution, in which the proteins fall beyond the nuclear ring and also display a ringlike presence, with the outermost region being defined by actively growing-dividing epithelial cells. As previously mentioned, these different distributions may represent different regions of the lens throughout the periodic stages of development. The complete MSI data are presented in Figure 4 . Here, all the discernible peaks correlating to the ␣A-crystallin and its truncation products are shown (the protein identities are discussed later). Most of the distribution profiles are preserved between the different-aged sections with the most obvious difference being both the diffusion of particular species in the 100-day section (bottom) versus the 21-day section (top) and the reduced cross-sectional area of both full-length ␣A-crystallin species (the normal protein and the A-chain).
Solubility Analysis of Cataractous ICR/f Rat Lens Proteins
Although Figures 2D and 2H indicate a clear partition of the ␣A-crystallin and its truncation product within the tissue, they provide no information about their solubility characteristics. This parameter is very important, because it is the basis on which the development and progression of the age-related cataract is posited. By fractionating whole lens homogenates into WS and WI-US fractions and using standard MALDI-TOF MS analysis, we were able to correlate the MSI signals with their intrinsic solubilities. As indicated in Figure 5A , the full-length ␣A-crystallin was found to be highly enriched within the WS lens fraction in both 21-day (dashed black line) and 100-day (dashed gray line) lens protein extracts, although the corresponding WI-US proteins (solid black and solid gray lines) have minimal intensities. This information indicates that the fulllength ␣A-crystallin is freely soluble when present in both the pre-and postcataractous lens tissue. Given the functions of the full-length ␣A-crystallin, these data were not surprising. However, the observed WI-US distribution of the 1-53 amino acid residue truncation of the ␣A-crystallin ( Fig. 5B ) was of great interest. Combining this discovery with its tissue distribution, it becomes apparent that the nuclear regions of both lenses contain protein/peptide species that are present in a WI state well before the development of a visible nuclear cataract.
In the 21-day ICR/f lens, the tissue was transparent ( Fig. 1A ) and contained limited light-refracting precipitates, although its 100-day counterpart (Fig. 1B) was fully opaque. The MSI and solubility data alone did not reveal a significant difference between the two lenses. By observing the mass spectral profiles of the two ages ( Fig. 6 ), one can see a level of uniformity between the ages in the WS and the WI-US profiles. Figure 6A shows the WS profile comparison of the 21-day (dashed black line) and the 100-day (dashed gray line) ICR/f rat lens extracts. With few exceptions, nearly all the signals that were present in the 21-day lens were also present in the 100-day lens, indicating that the most abundant WS signals did not correlate directly with the development of the cataract. For the most abundant WI-US samples (Fig. 6B ), there were peaks that were common to both, but new species (asterisks) began to appear in the 100-day ICR/f rat lens (solid gray line). These signals may correspond to various truncation products, such as the 1-53 ␣A-crystallin C-terminal truncation discussed earlier, that result from proteolytic events occurring in the ICR/f rat lens. 15, 17 Although these data show an increase in WI-US truncation products over time, again, they demonstrate that some protein species do not directly correlate with cataract development, as they were present in the pre-as well as postcataractous lenses.
Identification of Protein Signals in the MSI and Solubility Datasets
Having identified multiple peaks by MSI that are fractionated by tissue localization and/or discrete solubility characteristics, it was then necessary to determine each peak's identity. MSI is a useful tool in providing information on the distribution and localization of the most abundant ionizable protein species within a tissue section; however, it lacks the capability of providing the exact identity of those peaks. The observed species were identified by analyzing the m/z signals detected in the previous MALDI-TOF experiments (both the MSI and solubility profiling) with a top-down directed mass spectrometry approach, as outlined in Figure 7 . By analyzing the accurate mass of the abundant protein species on a hybrid linear quadrupole ion trap (LTQ) 7-T Fourier transform-ion cyclotron resonance mass spectrometer (FT-ICR MS), identification could be made in silico, based on mass matching of the N-terminally acetylated ␣A-crystallin protein and its possible truncation products (Figs. 7A, 7B) . When the FT-ICR mass spectrometer detects a multiply charged ion (the [Mϩ5H] 5ϩ molecular ion), a deconvoluted, accurate monoisotopic mass can be assigned (Fig. 7B, 6409 .26 Da). Comparatively, the peak that corre-sponds to this value in the MSI data was within 0.11% of this mass, indicating a very close association of these peaks based on both the mass and the abundance. The mass accuracy of the FT-ICR data alone are sufficient to identify this peak as the αA-crystallin (A0JN13) N-terminally acetylated ␣A-crystallin truncation product (residues 1-53), based on the calculated mass of 6409.19 Da (ϳ14 ppm mass accuracy). However, top-down proteomics provides a partial amino acid sequence tag to confirm a protein assignment. In this case, a specific m/z value (precursor ion series, Fig. 7A ) can be isolated in the ion trap and subjected to CID via inert nitrogen gas yielding fragment ions. These fragment ions, which are indicative of sequential cleavage of amino acid residues, are then transferred into the FT-ICR MS for m/z detection (Fig. 7C ). This permitted accurate mass analysis of the fragment ions for submission to an online MS-Tag search engine to validate the previously associated protein identification. With this approach, 18 different species of the ␣A-crystallin were identified (Table 1 ). Of these 18 species, only 6 have been identified in the ICR/f rat, 17 another was found in a similar MSI study 22 (residues 1-101), two were variations of the full-length ␣A-crystallin, and the remaining nine were novel truncation products. Most of these products were C-terminally truncated forms exhibiting specific tissue localization and solubility characteristics as summarized in Table 1 . In general, the smaller the truncation product, the more likely that it was localized toward the nuclear region of the lens as well as a tendency to be WI-US. All these identified ␣A-crystallin truncation products were found in both ages, regardless of cataract status. The most notable difference was a dispersion and expansion of all truncation products larger than 151 residues with age. Each of these species exhibited a nuclear ring organization at the precataractous stage, only to become more diffuse and larger in surface area at the postcataractous stage. Also observed was the limited distribution of the full-length ␣A-crystallin protein to the outermost regions in the postcataractous sections.
DISCUSSION
Cataract is often produced by a dysregulation of the folding of proteins in the lens that condense to form large, light-scattering precipitates. This may seem to be a simplistic view of cataract development, but the fact that lens proteins remain in place and contribute to transparency throughout the life of an organism adds a new level of complication. The ability of these proteins to survive in a dynamic environment with stressors that include oxidation, 23 deamidation, 24 and truncations, 25 as well as various chemical adducts with glutathione, 26 sugars, and other proteins/peptides, 23, 27 while maintaining solubility is a significant departure from normal biochemistry. In this MALDI-TOF imaging study, ␣A-crystallin, the predominant lens crystallin, was distributed in different regions of the lens tissue according to its level of truncation. As a general rule, truncation products involving more than 10 C-terminal residues were found to colocalize near/within the nuclear region, the region that was formed during embryogenesis. Studies on ␣A-crystallin have shown that in aged lenses, multiple C-terminal truncations are present and that these products are altered in their chaperone capacities, 28 solubilities, 29 and the rate of subunit exchange within the complexes. 30 These altered capacities may dictate their co-localization to specific regions in the lens. If that notion is true, the various functions of the ␣A-crystallin would be associated with its localization and the particular functional requirements necessary for that region. Overall, such compartmentalization may help to establish the necessary chaperone functions, indices of refraction, and overall lens health.
Our MSI data indicate that specific proteins co-localize in the nucleus of the lens. In 1998, Sweeney and Truscott 31 described a nuclear barrier in aged human lenses that isolated the nucleus. This barrier is a product of lens development that occurs with age, and its formation may be the result of various biochemical events including the compaction of fiber cells, 32 membranes decorated with denatured proteins, 33 changes in membrane lipid composition, 33, 34 and truncations occurring on the aquaporin water channels. 35 Studies have shown that water and glutathione, a major lens antioxidant, are reduced in their ability to diffuse into the nucleus which may prevent the delivery of nutrients and antioxidants to the nuclear core, 31, 36 resulting in an altered proteomic profile that is specific to this region. Although the initial development of this nuclear barrier was studied in human lenses, lenses taken from Wistar rats (the ICR/f's parental strain) have shown that the nuclear core has similar exclusion properties. In two studies, 37,38 the MP20 protein, an abundant lens membrane protein, was found to redistribute from the cytoplasm to the cellular membrane in maturing fiber cells, by an unknown mechanism. This action was hypothesized to be the necessary impediment to dye accumulation in the nuclear core of the lens by a physical barrier. 38 In support of this, our study indicated ␣A-crystallin truncation products in the lenses of the ICR/f rat (as noted in Fig. 4) were also found to tightly surround the nucleus and thus may be involved in the development, function, and impermeable nature of this barrier.
Investigating the solubility of lens proteins by the use of mass spectrometry (Figs. 5, 6 ) showed the signals that were common between the cataractous states in both the WS and WI-US fractions. Associating the solubilities of the full-length and truncated ␣A-crystallin with the MSI data showed a trend for these products to be distributed in different regions of the lens on the basis of their solubility. The WI-US truncation products were found in the nuclear region, whereas the WS full-length ␣A-crystallin was exclusively in the extranuclear regions. The function of these truncation products and their localization to the nuclear core encourages the development of future hypotheses relating to the function of the N terminus of the ␣A-crystallin and its relation to multimerization and subunit exchange in its chaperone activities. 39, 40 As previously stated, the preeminent difference between the sections was the amount of surface area covered by a particular species. The general trend was an increasing amount of ␣A-truncation products in the 100-day old ICR/f lens section. This process may be a result of fiber cell alterations and subsequent liquefaction that occurs as a result of cataract development in this laboratory animal model. 41 Another observation was the age-related, limited distribution of the full-length ␣A-crystallin proteins to the outermost periphery of the lens section. This distribution difference may be the result of fiber cell degeneration, 41 whereby the cellular contents of cortical fibers, including the ␣A-crystallin, are no longer contained within a single fiber cell. They are free to interact with other proteins (either folded or unfolded) within the lens cortex, to form cataractous aggregates that remain undetectable by the technology used in the present study.
That WI-US proteins are already present in the nuclear region of young precataractous ICR/f lenses demonstrates the importance of obtaining a more comprehensive understanding of the development of the cataract. The data in this study indicate that WI-US proteins may be a result of normal lens biology in this animal model and not necessarily the direct cause of cataract development. Although it is necessary to evaluate the ␣A-crystallin truncations discussed herein in the Wistar rat, it is important to note that many of the observed truncation products were also found in the 21 ion is subjected to collision-induced dissociation in the ion trap (LTQ), causing fragmentation through collision with an inert gas where the excess kinetic energy of the ion is converted into peptide-bond breaking potential energy resulting in fragment ions to be measured in the high-resolution ICR cell. These data give a partial sequence of the selected precursor ion for database comparison.
opacification, 12 and therefore we conclude that the presence of these species indicates they may not be directly responsible for cataract development in this model. Other events (such as water dysregulation, 12 ionic imbalances, 15 ) may initiate cataract formation in the ICR/f lens that leads to the localization changes observed in Figure 4 . Therefore, understanding what causes the switch from normal lens protein aging to cataractogenesis is an important question for lens biology, a question that can begin to be answered by studying the truncation products found in other animal models.
The experimental techniques used in this study have added to this understanding, but present limitations. For example, the particular matrix and solvent conditions used in the MSI experiments dictate which signals are measured across the tissue, and only a subset of all expressed proteins are detected in a single MSI analysis. Furthermore, large-molecular-mass aggregates of crystallin proteins, known to correlate with cataract formation, cannot be detected by the current MALDI-TOF instrumentation. Therefore, it is likely that other proteins and protein complexes that were not detected in this study are involved in cataractogenesis. Future work will focus on the identification, tissue distribution, and characterization of solubilities of these and other lens proteins. This work is a beginning in a new and exciting area of study of lens cataracts. With continuing advances in the technology, we will be able to look more rigorously at tissue sections, to understand proteomic changes that occur during cataractogenesis that were previously limited by the specificity and availability of antibodies. The identities are correlated with the localization data taken from the MSI experiments as well as the intrinsic solubilities from the MALDI-TOF profiling experiments.
* N-terminal acetylation included (ϩ42.01 Da). † UniProtKB/TrEMBL A0JN13 (A0JN13_RAT). ‡ UniProtKB/Swiss-Prot P24623 (CRYAA_RAT). § Previously identified in ICR/f rat. 17 
